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CONCLUSIONS
RESULTS AND DISCUSSION
INTRODUCTION
Each technological process for obtaining and/or storage of vegetable foods is associated with a specific transformation of their chlorophyll pigments. This fact 
makes these bioactive constituents appropriate quality indicators of final product quality and demonstrate their potential applicability as a tool for process traceability. 
The chlorophylls are widely affected by the heat treatment, being pheophytins and pyropheophytins the major chlorophyll derivatives in vegetable foods thermally 
processed. 
OBJETIVE
The objective of this work was focused on identifying and characterizing the thermodegradation reactions of chlorophyll pigments present in the virgin olive oil 
(VOO) as a function of temperature and the initial composition of pigments in the oily matrix, in order to predict the behaviour of these markers towards the 
variables thermal regulating the critical points of their processing and storage.
The kinetics of the degradation reactions of chlorophyll pigments of the series “a” and “b” was studied at different temperatures (60, 80, 100 and 120 °C) in 
order to determine the thermodynamic parameters of these reactions in three VOO samples with high, medium and low pigmentation. 
Samples.
The study of thermodegradation of chlorophyll pigments
was carried out with three olive oils supplies by an unique
company. The olive oils were obtained from olives fruits in 
three different monthes of harvesting: November (Sample N), 
December (Sample D) and January (Sample E). 
Thermal treatment.
The full time to each experience (samples N, D and E) 
was different depending on temperature used: 42h (120ºC), 
64h (100ºC), 370h (80ºC) and 744h (60ºC). Each olive oil 
sample was separated in 128 aliquots (32 for each
temperature).  The closed aliquots in absense of air were
introduced in heater at different temperature of work depending
on the experience. From each experience two olive oil aliquots
to each pair time-temperature were analysed. Samples were
taken out at different times depending on each experience. 
Samples were cooled quickly in ice bath and later kept at -20ºC
until pigments analysis procedure.
Pigment Extraction.
This was performed with N,N-dimethylformamide
according to the method described by Mínguez-Mosquera et al. 
(1990). The technique is based on the selective separation
components between N,N-dimethylformamide and hexane. 
This system yields solutions of pigments free from fatty matter
and that would interfere with the subsequent separation and
quantification of pigments.
Analysis of Chlorophyll Pigments by HPLC.
The analysis was carried out by HPLC using a reverse 
phase column Teknokroma Spherisorb ODS2 
(200mm×4.6mm×3µm) and an elution gradient with solvents
(A) water/ion-pair reagent/methanol (1:1:8, v/v/v) and (B) 
acetone/methanol (1:1, v/v), at a flow-rate of 1.25 ml/min
(Mínguez-Mosquera et al., 1992a). Pigments were detected by 
absorbance at 410 nm, 430 nm, 450 nm y 666 nm using a 
diode array detector.
Kinetic parameters.
Experimental data from concentration pigments
expressed in nmol/kg were used to calculate the kinetic
parameters by nonlinear regression. The kinetic parameters
like order of reaction (n) and kinetic constant (k) were deduced
using the integral method. This method uses a trial-and-error 
procedure where the order is supposed and the kinetic
equation is integrated. The best adjustment of the integrated
equation to concentration-time data will be used to verify the
order of reaction and to obtain the kinetic constant (k) (Fogler, 
1992).
Thermodynamic parameters.
To determine the influence of the temperature with the
kinetic constant, the thermodynamic must be studied. Using the
different kinetic constants (k) at different temperatures (T) it is
posible to obtain the thermodynamic parameters like activation
energy (Ea) and pre-exponential factor (A) by Arrhenius
equation.   
The others thermodynamic parameters like activation
entropy and enthalpy can be obtained by Eyring equation and
the activation free energy by Gibbs state function.
MATERIALS AND METHODS
The results from the pigments evolution during the thermodegradation experiences allow to propose the following kinetic mechanisms for the transformation of
the serie “a” (1) and “b” (2 y 3) chlorophyllic compounds (Figure 1). 
 From the resolution of these kinetic mechanisms is possible to obtain the kinetic equations of concentration-time. 
So if we suppose order one for the reaction and irreversible we can obtain the integrated kinetic equations.
 By nonlinear regression analysis of the experimental data have been calculated the kinetic constants for each
reaction (Table 1). Figure 2 shows nonlinear regressions obtained at 120ºC for the high pigmentation sample (N).
 The adjustment of experimental data to the proposed kinetic equations (R2 > 0.9) demonstrated that the kinetic
mechanisms for order one are correct to describe the thermodegratation of chlorophyll compounds.
The thermodynamic parameters obtained from
the average values of the three studied samples are 
showed in Table 2. The most cases did not present
significative difference among the three studied
samples (N,D,E), excepting the differences between
sample N with samples D and E, in the reaction of
formation of 132-OH-pheophytin “a” and “b”. In all
cases the enthalpy values (ΔH#) and Gibbs free 
energy values (ΔG#), are always positives, by 
contrast, TΔS# values are always negatives, so all
reactions are not spontaneous.
The chlorophyllic pigment profile has 
heterogeneous values in reactivity as for the
formation reaction of intermediary products as for
later degradation reaction to colorless products.
Pheophytin “b”: (k9+k11) is ≠ from ktb (k9+k11+k13) (p≤0.05) in all the experiences done and allow to calculate a kinetic constant k13.
This kinetic constant not only include the colorless transformation but also the formation of 151-OH-lactone-pheophytin “b”. The shortage of experimental data 
points for this pigment did not allowed to determine their kinetic constant directly.
Table 1.
Kinetic constants,
k ± SE (h-1x103).
(Average of three samples: high, medium
and low pigmentation) 
SE, standard error; h, hours; T, temperature (ºC).
In the thermodegradative chlorophyll pathway could happen by 
reaction processes that it modifies the isocyclic ring through
decarbomethoxylation and allomerization mechanisms. These
processes that are competitive and parallel have pheophytin as 
initial compound. Later, those intermediary compounds are 
degraded to colorless products.
ΔS# ± SE 
[cal/(mol × K)]
ΔH# ± SE
[kcal/(mol)]
Ea ± SE 
(kcal/mol)
ln A ± SE
(h-1)
ΔG#298 ± SE (kcal/mol)
D*. Phy a -28.86± 2.65 19.16 ± 0.96 19.88 ± 0.48 24.27 ± 2.63 27.76 ± 0.96
F*. Pyphy a -25.55± 3.34 20.44 ± 1.21 21.16 ± 0.61 25.94 ± 3.32 28.05 ± 1.21
F. OH-Phy a -55.24± 1.50 11.80 ± 0.54 12.52 ± 0.27 10.95 ± 1.49 28.27 ± 0.54
F. Lac-Phy a -52.07± 4.58 13.40 ± 1.65 14.12 ± 0.84 12.55 ± 4.59 28.91 ± 1.65
D. Pyphy a -40.28± 2.81 17.21 ± 1.01 17.93 ± 0.60 18.50 ± 3.28 29.22 ± 1.01
D. OH-Phy a -34.65± 4.35 18.69 ± 1.57 19.40 ± 0.79 21.35 ± 4.35 29.01 ± 1.57
D. Lac-Phya -26.36± 8.35 21.97 ± 3.02 22.69 ± 1.53 25.53 ± 8.37 29.82 ± 3.02
D. Chl b -44.71± 2.15 12.66 ± 0.78 13.38 ± 0.39 16.26 ± 2.14 25.99 ± 0.78
D. Phy b -36.41± 2.70 15.86 ± 0.97 16.57 ± 0.49 20.45 ± 2.68 26.71 ± 0.97
F. Pyphy b -27.74± 3.48 19.56 ± 1.26 20.27 ± 0.63 24.84 ± 3.46 27.82 ± 1.26
F. OH-Phy b -62.38± 1.47 7.92 ± 0.53 8.64 ± 0.27 7.34 ± 1.46 26.51 ± 1.08
F. Lac-Phy b -40.03± 4.65 15.43 ± 1.68 16.15 ± 0.85 18.63 ± 4.64 27.36 ± 1.68
D. Pyphy b -47.14± 4.68 14.85 ± 1.69 15.56 ± 0.85 15.04 ± 4.68 28.89 ± 1.69
D. OH-Phy b -30.27± 6.61 20.42 ± 2.39 21.13 ± 1.21 23.56 ± 6.61 29.44 ± 2.39
Table 2. Thermodynamic parameters average of three studied samples.
Kinetic study
Analysis of variance between kinetic constants:
Pheophytin “a”: (k1+k3+k5) is not ≠ from kta (k1+k3+k5+k7) (p≤0.05) excepting two cases (17%), so do not exist the formation of colorless from pheophytin “a”(k7 = 0).
Thermodynamic study
Note: ΔS#, activation entropy; ΔH#, activation enthalpy, Ea, activation energy, Ln A, preexponential factor; ΔG#, Gibbs free energy; 
SE, standard error; D*, degradation; F*, formation; Phy a, pheophytin a, Pyphy a, pyropheophytin a; OH-Phy a, 132-OH-pheophytin a; 
Lac-Phy a, 151-OH-lactone-pheophytin a; Chl b, chlorophyll b; Phy b, pheophytin b; Pyphy b, pyropheophytin b; OH-Phy b, 132-OH-
pheophytin b; Lac-Phy b, 151-OH-lactone-pheophytin b; h, hour; K, Kelvin.
T kta k1
120 224.60±12.31 220.95±6.89
100 92.76±4.85 88.47±2.63
80 18.98±1.20 18.38±0.64
60 2.38±0.14 1.74±0.06
T k2 k3
120 12.41±2.16 5.88±0.05
100 2.58±1.04 2.64±0.03
80 1.11±0.25 1.12±0.03
60 0.17±0.09 0.29±0.01
T k4 k5
120 23.41±0.39 6.72±0.19
100 12.81±0.20 0.93±0.03
80 1.11±0.10 0.35±0.01
60 0.36±0.05 0.21±0.01
T k6 k8
120 60.12±1.59 338.76±21.35
100 2.75±0.20 178.09±7.40
80 0.52±0.04 73.97±4.08
60 0.29±0.06 15.19±0.87
T ktb k9
120 342.83±21.39 227.93±0.96
100 176.81±6.42 90.27±0.36
80 50.82±2.63 23.20±0.31
60 7.74±0.37 2.09±0.02
T k10 k11
120 9.16±0.29 24.08±0.08
100 2.66±0.13 16.17±0.06
80 0.73±0.09 10.22±0.14
60 0.29±0.04 2.97±0.04
T k12 k13
120 21.33±0.29 90.82±0.96
100 14.20±0.28 70.36±0.37
80 0.84±0.11 17.40±0.35
60 0.27±0.05 2.68±0.05
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Figure 1 kta = k1 + k3 + k5 + k7 ktb = k9 + k11 + k13
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